Hydraulics resistance is commonly used to simulate or replace drag and inertia forces due to vegetation when modeling tsunami run-up. A new numerical method was proposed which was named Combined Roughness and Reflected Model (CRRM). This method accommodates the reflection process of tsunami flow by tree surfaces. A series of experimental work was performed in laboratory to verify the numerical results. The physical process of laboratory work was discussed to explain the interaction between tsunami and vegetation models. The relation of some notable parameters was reviewed for both models. The physical model verified that the deviations between the physical and the numerical model were below 20%. With such numerical method, more challenging forest layout such as zigzag arrangement can be studied more accurately. It is concluded that the zigzag arrangement of trees layout and higher density of trees were capable of reducing tsunami run-up on land significantly.
INTRODUCTION
Coastal vegetation (Figure 1 ) is one of the alternatives used for tsunami mitigation. This alternative is quite good in terms of economics, especially for developing countries such as Indonesia. Another advantage of the implementation is that the vegetation can minimize local erosion due to wind wave attacks onshore and assist in producing sand dunes in front of coastal forests which ultimately serve as natural mitigation systems (Irtem et al., 2009 ). Several tsunami post-survey reports have proven that coastal vegetation has an important role as a natural protection against tsunamis as in Shuto (1987) ; Kathiresan & Rajendran (2005) ; Dahdough-Guebas et al. (2005) ; Forbes & Broadhead (2007) ; and Benazir et al. (2016) . The studies were also confirmed by analytical and empirical research approaches. Based on a literature study, the effect of vegetation as a basic roughness has long been studied as by Chow (1959) who reported an increase of Manning roughness coefficient in vegetated open channels. A study of wave reduction in mangrove forests was done by Mazda et al. (1997) which discussed that wave reduction using mangrove forests depended on water depth, wave period, wave height, mangrove tree species, mangrove density, root diameter, and mangrove stem. Based on their study, a 6-year-old mangrove forest with a width of 1.5 km may dampen a 1 m wave height in open sea to merely 0.05 m at the beach. Hiraishi & Harada (2003) proposed coastal forests as tsunami mitigation rather than with hard structures such as breakwater with a review of construction cost efficiency. Based on their 2D physical study, it revealed that tsunami reduction with coastal forests has a damping effect similar to a rubble mound. A study of the function of mangrove forests in reducing tsunami height during the 2004 Indian Ocean Tsunami was conducted by Kathiresan & Rajendran (2005) . Their assessment was based on tsunami victim's data in 18 small villages along the South Coast of India. According to their investigations, the damage caused by a tsunami attack depended on whether the area was protected by with coastal vegetation, the distance and elevation of the settlement location from the shore. Danielsen et al. (2005) also stated the effectiveness of mangrove forests in reducing tsunamis in Cuddalore, India. In addition, the age of the coastal forests is also pertinent to reduce tsunamis as indicated by the study conducted by Harada & Kawata (2005) . Furthermore, Harada & Imamura (2005) evaluated the effect of hydrodynamics and damage prevention functions with coastal forests against tsunami. They concluded that an increase in the width of the coastal forest may not only reduce the inundation depth but also decrease the tsunami hydraulic velocity and force downstream of the coastal forest.
Nevertheless, the capability of coastal forests to withstand extreme tsunamis is still debatable in the discussion topics among researchers (Husrin & Oumeraci, 2009) . When the tsunami height reaches 4 m, the function of the coastal forest is not applicable where trees will be uprooted and damaged (Shuto, 1987) . This condition was proven by the 2004 Indian Ocean Tsunami in Aceh where most of the coastal forests were damaged by tsunami (EJF, 2006) . Nowadays, the relation of vegetation parameters against tsunami was widely discussed. Practically, a numerical model is more efficient in conducting tsunami investigations through coastal forests. The effect of coastal forest density was studied by Hiraishi & Harada (2003) ; Harada & Kawata (2004) ; Huang et al. (2011); and Iimura & Tanaka (2012) whilst the effect of the vegetation in term of dimension was studied by Teh et al. (2009) and Ohira et al. (2012) . The effect of the forest may also be seen in term of the age of the forest trees as was studied by Harada & Kawata (2005) . In numerical model, the effect of coastal vegetation was generally represented by additional bottom roughness as well as by the addition of equation terms representing flow resistance (drag and inertia forces). Benazir et al. (2017) introduced an alternative method of modeling the effect of coastal forest or similar barrier on tsunami run-up that is called Combined Roughness and Reflected Model (CRRM) where the performance of the method was compared with Constant Roughness Model (CRM) and Equivalent Roughness Model (ERM) methods. They concluded that the CRRM method was able to accommodate the wave reflection process when interacted with trees. When small grid size is employed, the CRRM clearly produced more accurate results than its counterpart. This paper aims to further examine the performance of the CRRM method by performing verification using a physical model in the laboratory. Finally, the effect of density and planting layout of coastal vegetation were discussed.
RESEARCH METHOD

Tsunami Model
A numerical simulation of tsunami can be carried out using various models. In this research, the authors used the nonlinear shallow water equation. The main program was taken from Goto et al. (1997) and Imamura et al. (2006) which implemented secondorder explicit leap-frog finite difference scheme to discretize a set of Nonlinear Shallow Water Equation (NSWE). During the propagation of tsunami in the shallow water, the horizontal eddy turbulence terms may be neglected as they are negligible as compared to the bottom friction. The equations are written in Cartesian coordinate as (Imamura et al., 2006) :
= ℎ + is the total water depth where ℎ is the still water depth and is the sea surface elevation. and are the water velocity fluxes in the and directions, respectively
Bottom friction in the and direction is respectively represented by terms and , which is a function of friction coefficient f. This coefficient can be computed from Manning roughness (n0) by the following relationship
Eq. (3) indicates that the friction coefficient increases when the total water depth decreases. Manning roughness is usually chosen as a constant for a given condition of sea bottom, hence the bottom friction terms are expressed by
In this research, the bed slope of the sea and beach model was made of plywood, therefore the selected Manning coefficient (n0) was 0.012.
Combined Roughness and Reflected Model
Generally, in numerical model simulation, the effect of coastal forests is presented by flow resistance in the absence of physical vegetation. The effects of coastal forests on tsunami propagation are reflections from tree trunks and roughness on the stem surfaces, branches, and leaves of the trees. In laboratory scale, the forest model can be made with certain materials which comprise stems, leaves, and roots. However, it is too complicated to model the trees realistically as above.
The main objective of the forest model is to study the resistance of the tree against the tsunami. Therefore, stems and leaves may be simplified and accommodated within the tree's trunk. Thuy et al. (2009) and Maza et al. (2015) represented coastal forest models using vertical cylinder pillars as trees in the forest in the absence of leaves and roots using physical and numerical model respectively. Other than simulating forest effect on tsunami, Fernando et al. (2008) also carried out physical modeling using vertical cylindrical pillars to represent a porous barrier such as coral reefs.
Another alternative is to model the influence of coastal forest, using tree trunks as hypothetical column to model the whole trees (including branch and canopy). The branches and leaves effects are accommodated by the hypothetical column model whereas the bottom roughness value is used to simulate land use roughness coefficient i.e. 0 (not for coastal forest). This method is called Combined Roughness and Reflected Model hereinafter referred to as CRRM method. The structural selection of a tree model in the form of a square column was determined as follows. First, based on the findings from the field survey that the geometries of the trees are not necessarily cylinders. However, they are almost cylinders and some even tend to an incomplete square as in Figure 2 . Second, the forest height was higher than or equal to tsunami depth. As each hypothetical column represent one tree, the consequence is that the time step should be small and the computation time become long to meet the stability requirement.
The difference between this proposed method and ERM were in the existence of the tree model. In this method, the existing model was integrated with the ground surface, while in ERM is represented by the flow resistance as an equivalent roughness. Benazir et al. (2017) pointed out that the CRRM method changed the flow direction due to the existence the tree. In the ERM method, the flow was reduced when it passed through the coastal forest due to the effect of equivalent roughness. Significant differences between the two methods may be clearly seen when simulating a tsunami interaction with a solid building where the tsunami flow is lower than the seawall crest (Benazir et al., 2017) . In Figure  3 it is shown that the total reflection process was accommodated by the CRRM method so that the wave returned to the sea and the absence of run-up in the downstream model, but the wave passed the model in the ERM method. The arrangement of the vegetation model was either uniform or zigzag as shown in Figure 4 . The design concept of CRRM method is that the overall parameters in a tree such as stems, branches, and leaves are represented by a square column model (Figure 4 ). The dimensions of this model were 0.02 m x 0.02 m with the model height was adjusted to the tsunami simulation scenario so that the trees elevation was higher than the tsunami even after the reflection so that no overtopping occurs. The arrangement of the uniform model was commonly found in the coastal forest. The density of this forest model depended on the ratio of the total area of trees to the area of coastal forest, i.e. 195 trees for interval distance, = 0.02 m (25% density) and 90 trees for = 0.04 m (11% density). The vegetation model was placed 0.10 m away from the coastline or 5.10 m of the wave generation source. The tsunami was generated by the Dam Break method where the method was described in Benazir et al. (2018) . The initial condition of tsunami was 0 / 1 = 2.0 with 1 = 0.1 m as the downstream depth. The other parameters for this numerical model such as the grid numbers and grid size are shown in Table 1 . For the purposes of model verification, a Hollow Galvalume type material, which is a hollow steel pipe square-shaped and made of galvalume or zincalume was chosen as the material of this model. This material was available in 6 m length and 0.02 m x 0.02 m in cross section. The production process of this model is given in Figure 5 . The model installation in the flume is shown in Figure  6 . The wave probes were positioned at 0.10 m upstream of the model and 0.10 m downstream of the model to record the wave reduction. In addition, two cameras were also placed in front and beside the models to record wave interaction with the vegetation model. 3.2 The Effect of Layout Plantation and Vegetation Density Figure 9 . Distribution of maximum tsunami height near the coastline Figure 9 shows the tsunami water level at maximum run-up at different layout (planting pattern) of coastal forests. In order to examine the effect of the layout, two different layouts were tested i.e. uniform and zigzag at constant size. The zigzag layout yields lower tsunami run-ups than the uniform layout. The reflection due to the trees plays more important role than the friction between the water and the surface trunk of the tree. Moreover, as the tsunami inundation decreased at the downstream of coastal forest, both the velocity and the energy reduced.
In Figure 9 it is also seen that the wave height in front of the model varies due to different forest model. The wave height at this point of measurement has been affected by wave reflection from the forest model so that the maximum flow depth is higher. The uniform forest layout arrangement with s = 0.04 m produced a lower backwater compared to another arrangement of forest layout models. Higher backwater due to reflection process happened when the wave passes through a zigzag model with = 0.02 m. The forest density also plays a role of reflection process as shown in Figure 10 . The figure shows the waves arrive at the coastline or 0.10 m in front of the model at = 2.15 s, after which the reflection occurred ( = 2.98 s). The backwater process was shown at = 3.80 s where the flow depth in front of the model became higher whilst the wave height reduced at downstream of the model. At = 14.02 s, the same Figure 10 showed the rundown process passing through the gaps between the trees. To examine the effectiveness of the forest density in reducing tsunami run-up, a dimensionless parameter − 0 / 0 that represents the ratio between the maximum tsunami height with and without forest model, are shown in Figure 11 . In this case − 0 / 0 was measured at 0.10 m downstream of the forest model. In the figure, the parameter / is the relative area of the trees to the total area of the vegetation model. The results indicate that when / increases, − 0 / 0 decreases. This means that higher density of a vegetation is more effective in reducing tsunami height downstream of the forest. The tsunami reduction became more significant when the forest model was arranged in zigzag manner for relatively large value of / . 
Uniform Plantation
Zigzag Plantation Figure 12 shows the effect of uniformly arranged coastal forest with = 0.04. It may be concluded that the uniform arrangement with large space between the trees provides less significant effect on tsunami reduction.
3.3 Run-up and Inundation Figure 13 . The relation of run-up and inundation for both numerical and physical models. Higher tsunami height is indicated by larger symbols
To further discuss the performance of the proposed method, a comparison of run-up ( ) and inundation ( ) resulted from laboratory data are presented in Figure 13 . The figure shows that the smaller or high forest density yielded the smaller tsunami run-up for both uniform and zigzag arrangements where most of the energy is reflected by the forest. Very small deviations occurred for cases of uniform arrangement of both methods, especially for = 0.02. However, the numerical data for this arrangement were larger than the laboratory results which was consistent for the entire tsunami levels. This condition was due to the application of Shallow Water Equation in the numerical model where the energy reduction due to breaking wave was not implemented (see Benazir et al. 2018 ).
In the case of the zigzag arrangement, the higher runup data were produced by physical model. This could have been caused by the grid size of the numerical model as previously stated. Smaller grid sizes may reduce numerical dissipation where the flow may numerically more easily flow through the zigzag model and produce slightly higher run-up.
CONCLUSIONS
The success rate of a coastal vegetation for tsunami mitigation may not only be determined by the tsunamiscale, forest width, tree density, tree age, stem diameter, stem height, and species of the tree but also the layout of tree plantation. Based on the results of both physical and numerical models, the zigzag layout was better in reducing tsunami run-up compared to the usual (uniform) tree planting arrangement.
The Combined Roughness and Reflected Model (CRRM), was capable to obtain sufficiently accurate run-up data as verified by the physical model. This CRRM method was able to accommodate the physical wave reflection process when interacted with trees.
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